ABSTRACT Three different techniques of applying fungicides and mold inhibitors were evaluated as control methods for Aspergillus fumigatus proliferation on the air cell membrane of eggs that were infertile or contained early dead embryos following in ovo egg injection. A controlled Aspergillus challenge model was utilized that simulates the natural occurrence of fungal growth following in ovo egg injection. Methods of application examined were egg shell spray, direct air cell application prior to Aspergillus challenge, and micro-aerosol fogging in the incubation compartment during Aspergillus challenge. Fungicides and mold inhibitors used included propionic
INTRODUCTION
Three application methods that may be used in the attempt to control microbial populations in the commercial broiler hatchery environment are egg spraying, micro-aerosol fogging, and egg injection. Microbial contamination of broiler eggs has been reported to be reduced with surface applications of various antimicrobials to the egg shell (Huhtanen and Pensack, 1967; Harry and Cooper, 1970; Furuta and Suto, 1977; Brake and Sheldon, 1990; Sheldon and Brake, 1991; Buhr, 1993; Scott and Swetnam, 1993) . Egg spraying, dipping, and washing are often used by the broiler industry in an effort to improve day-old chick quality and hatchability by reducing the microbial population on the egg shell surface. Micro-aerosol fogging is employed in commercial hatcheries for humidification, cooling, disinfection, and general sanitation. Sanitizers and disinfectants are incorporated into micro-aerosol fogging systems because of the relative ease of application to large areas and volumes of circulating air. Microaerosol fogging systems are used to apply disinfectants 1 The use of trade names in this publication does not imply endorsement by the North Carolina Agricultural Research Service of the products mentioned nor criticism of similar products not mentioned. 2 To whom correspondence should be addressed: jbrake@ncsu.edu. 1531 acid, propionic acid plus ammonia, phenol, quaternary ammonium plus organic tin, hydrogen peroxide, enilconazole, and an aromatase inhibitor. When applied as egg shell spray treatments or micro-aerosol fog treatments, none of the products that were tested significantly reduced the incidence of mold proliferation on the air cell membrane when compared with untreated, but otherwise challenged, controls. When applied directly to the air cell membrane prior to fungal challenge, only enilconazole and the aromatase inhibitor significantly reduced the incidence of fungal proliferation when compared with appropriate controls.
to relatively inaccessible areas of the hatchery, including the hatcher and incubation hallways, the interiors of air handling systems, and the interiors of incubation and hatching equipment during operation (Arbor Acres Review, 1992) .
Late stage embryonic vaccination between 17.5 to 19 d of incubation can present challenges to hatchery management for controlling microbial populations. Field observations during the necropsy of unhatched broiler eggs following egg injection have shown that fungi, predominantly Aspergillus fumigatus, can proliferate on the air cell membrane in some of the unhatched eggs, typically the eggs that are infertile or contain early dead embryos (Williams and Brake, personal observations). The small hole (1.6 mm) that is punched into the blunt end of the egg, above the air cell membrane, is not sealed following injection. The hole provides a means for the fungal conidia, if present, to be introduced to the air cell area during the hatching period. The subsequent fungal proliferation on the air cell membrane of the infertile and early dead embryos may serve as a reservoir for further contamination of both the infertile and early dead embryonated eggs as well as the hatching chicks. No antifungal compounds are currently delivered in ovo.
A fungal challenge model (an environmental simulation) was developed that simulated the mold proliferation involved with late stage embryonic vaccination (Williams and Brake, 2000) . Our objective in the present study was to evaluate three application techniques using the fungal challenge model, incorporating various fungicidal agents known to be effective against Aspergillus. These fungicidal agents and application techniques represent alternative attempts to control A. fumigatus proliferation on the air cell membrane of in ovo-injected broiler hatching eggs.
MATERIALS AND METHODS
A previously described fungal challenge model (Williams and Brake, 2000) was employed to evaluate the three application methods. Furthermore, several different types of fungicidal agents were evaluated through the use of each application method, including an application of distilled water to serve as a vehicle control for each application method.
Four experimental incubators were maintained at 37.5 C dry bulb and 30.5 C wet bulb temperatures and represented the fungal challenge environments. Two of the incubators were maintained as control incubators and two incubators were "treated" incubators. Broiler eggs used in the challenge studies were obtained from breeder flocks that had eggs collected twice daily and stored for no more than 1 wk at 19 C and 70% RH. Routine egg shell surface sampling ensured an absence of mold contamination.
In a separate incubator, standard incubation conditions of 37.0 C dry bulb and 28.8 C wet bulb temperatures were used to conduct preconditioning incubation. The preconditioning treatment of all broiler eggs used in the challenge studies consisted of incubating the eggs for 3 d (with hourly rotation), removal and storage of the eggs at room temperature (approximately 20 C) for 3 d, and reincubation for 7 d. This preconditioning treatment was previously determined to produce a high incidence of early embryonic death. Following preconditioning incubation, the eggs were removed from the incubator and candled; all eggs showing viability (typically <5%) were removed and euthanized with carbon dioxide. Only eggs identified as early dead or infertile were used in the trials. The orientation of the air cell space was confirmed during candling, and only eggs with the air cell in the large end of the egg were used in the trials.
All of the eggs incorporated into challenge trials were punched with a 16-ga needle in the large end of the egg, simulating egg injection, and allowed to remain large end up in the incubator flats. The egg punch was devised from a 16-ga needle inserted through a rubber stopper. Approximately 7 mm of the 60°beveled tip was exposed. A total of 192 eggs were incorporated into each treatment group for each trial. Each flat contained 32 eggs; three flats were in each incubator.
All spray treatments were applied after the eggs had been punched using a hand-held pump sprayer, Ciba-Geigy Corp., Agric. Div., Greensboro, NC 27419. CAS #119446-68-3. MSDS reveals product concentrations as follows: experimental fungicide triazole (technical), powder. Manufacturer recommended dilution of 1 g/100 mL distilled water (Williams and Brake, personal communication). each treatment was applied to all eggs on the flats simultaneously. Twenty-five cycles of the hand sprayer were applied to each flat (12.0 mL per flat) to wet the blunt end of all 32 eggs uniformly. The sprayed eggs were allowed to dry at room temperature (approximately 20 C) for 10 min before being introduced to the incubators.
Air cell application was accomplished after the punching procedure, utilizing a repeating syringe 4 attached to a blunt 20-ga needle. The needle was reduced in length to 7 mm, and all application volumes were 100 µL.
Micro-aerosol fogging was accomplished with typical commercial fogging nozzles 5 mounted to the top of the inside of the incubator cabinets, 30 cm directly in front of the fan and facing toward the front of the cabinet. The nozzles were angled approximately 30°down so as to direct the application into the normal circulation pathway of the air from the rear-mounted fan. Treatments were applied for 10 s every 2 h for the duration of the 72-h exposure period, beginning immediately after the introduction of the Aspergillus plates.
All trials were repeated at least twice for each application technique and fungicide or inhibitor treatment. Use concentrations and active ingredients are summarized in Table 1 . All products were confirmed to be efficacious in direct challenge with Aspergillus prior to use. The hatchers were prewarmed and subsequently turned off to stop the fans prior to the introduction of the eggs and fungal challenge plates. The fungal challenge plates were prepared at the same time from the same source culture, incubated, stored, and used as a group. One agar plate of fungi was placed in the center of each flat of eggs where 4 eggs were omitted for a total of three plates per hatcher. A sterile swab was gently moved in a zig-zag pattern across the lawn of fungi to loosen the conidia from the mycelium. The hatcher was then closed, and operation was initiated. Each hatcher was monitored daily for normal operation of fans, heaters, fogging apparatus (when applicable), and maintenance of wet and dry bulb temperatures. The duration of each trial was approximately 72 h.
At the end of each trial, all eggs were carefully opened, exposing the air cell area, and examined macroscopically for the presence of mycelium and conidia. The examination of the air cell areas following challenge was performed under an exhaust hood equipped with an activated charcoal filter. The position of the egg within the flat as well as the flat position within the incubator was noted during removal, examination, and enumeration.
The frequency of eggs exhibiting mold was analyzed using a categorical analysis model (CATMOD) of PC-SAS (SAS, 1988) . Trials were subjected to chi square analysis by CATMOD to determine significant differences attributed to all sources of variation (area, flat, hatcher (incubator), trial, and all interactions). All sources of variation were fixed. Statements of statistical significance were based on P ≤ 0.05.
The results of each application technique were grouped together for graphic presentation in three separate scatter plots (Figures 1, 2, and 3 ). In the three plots, each individual trial examining the specific fungicides are represented. The average amount of air cell membrane contamination with Aspergillus in the control incubators in each trial (horizontal axis) was plotted against the average amount of air cell membrane contamination with Aspergillus in the treated incubators (vertical axis). The diagonal line indicates where equal proliferation occurs by trial in both control and treated eggs. Below the diagonal, treatments reduced air cell contamination, and above the diagonal, treatments increased the level of air cell contamination.
RESULTS
The effect of the egg shell spray treatments on the incidence of air cell contamination with Aspergillus is summarized in Figure 1 . None of the fungicides used as egg shell application treatments immediately preceding fungal challenge were efficacious in preventing fungal proliferation on the air cell membrane. Chi-square analysis revealed significant increases in fungal proliferation on the air cell membrane because of egg shell spray treatments with enilconazole, propionic acid plus ammonia, phenol, aromatase inhibitor, and distilled water. The effect of the various micro-aerosol fogging treatments on the incidence of Aspergillus contamination on the air cell membrane of injected broiler eggs is summarized in Figure 2 . Phenol, propionic acid, and distilled water significantly increased the incidence of air cell contamination by A. fumigatus when applied as a micro-aerosol fog during the air-dispersed conidial challenge. All FIGURE 2. The effect of micro-aerosol fogging treatment on the frequency of air cell contamination with Aspergillus fumigatus. The treatments were distilled water (छ), hydrogen peroxide (᭹), enilconazole (♦), quaternary ammonium plus Sn (ᮀ), phenol (v), propionic acid (᭝), propionic acid plus ammonia ( * ), and aromatase inhibitor (). The frequency of air cell membrane contamination with Aspergillus in the control hatchers in each trial (horizontal axis) was plotted against the frequency of air cell membrane contamination with Aspergillus in the treated hatchers (vertical axis). The diagonal line indicates the point at which equal proliferation occurs by trial in both control and treated eggs. Below the diagonal, treatments reduced air cell contamination, and, above the diagonal, treatments increased the level of air cell contamination.
FIGURE 3.
The effect of air cell membrane injection treatment on the frequency of air cell contamination with Aspergillus fumigatus. The treatments were distilled water (छ), hydrogen peroxide (᭹), enilconazole (♦), quaternary ammonium plus Sn (ᮀ), phenol (v), propionic acid (᭝), propionic acid plus ammonia ( * ), and aromatase inhibitor (). The frequency of air cell membrane contamination with Aspergillus in the control hatchers in each trial (horizontal axis) was plotted against the frequency of air cell membrane contamination with Aspergillus in the treated hatchers (vertical axis). The diagonal line indicates the point at which equal proliferation occurs by trial in both control and treated eggs. Below the diagonal, treatments reduced air cell contamination, and, above the diagonal, treatments increased the level of air cell contamination. other treatments were not statistically different from nontreated, but otherwise challenged, controls.
The incidence of Aspergillus contamination on the air cell membrane following air cell application of various fungicides is summarized in Figure 3 . Chi-square analysis revealed that propionic acid, propionic acid plus ammonia, phenol, hydrogen peroxide, quaternary ammonium plus organic tin, and distilled water significantly increased the incidence of air cell contamination. Conversely, enilconazole and the aromatase inhibitor significantly decreased the incidence of fungal growth on the air cell membrane when the compounds were applied as air cell treatments prior to Aspergillus challenge. It should be noted that the limited positive growth observed in the enilconazole and aromatase inhibitor treatment groups was confined to areas of the air cell membrane where, upon visual inspection, the chemicals did not seem to be present.
DISCUSSION
The applications of fungicides as an egg shell spray, a micro-aerosol fog, and an air cell delivery represent possible methods of control of Aspergillus contamination of air cell membranes following egg injection. Our data strongly indicate that the application method of fungicides with respect to fungal contamination of air cell membranes following egg injection is critical. Compounds applied in one method may significantly increase air cell membrane infection with Aspergillus following egg injection; the same compound, applied via another method, may significantly decrease air cell infection.
Egg shell spraying following egg injection, but preceding fungal challenge, did not significantly reduce fungal contamination (Figure 1) . Treatment of the egg shell does not effectively address either the airborne levels of Aspergillus conidia in the hatching environment or the area where fungal proliferation occurs, the air cell membrane. Increases in air cell contamination because of egg shell spraying may be due to physical effects on the small egg shell membrane flap (left by the action of punching the injection hole) or from an increase in concentration of conidia near the punch hole, momentarily sticking to the shell surface, only to be released as the chemical treatment cures or dries more extensively. Egg shell spray treatments did not reduce the incidence of air cell contamination in the model; however, the source of the Aspergillus conidia infecting the air cell membrane was not the egg shell in this case. Egg shell application of disinfectants has been shown to reduce fungal contamination (Harry and Cooper, 1970; Sheldon and Brake, 1991) , and it remains good hatchery and breeder management practice to reduce egg shell contamination (Mauldin and Wilson, 1990) . If the egg shell surface is the primary source of Aspergillus conidia challenge, perhaps egg shell spray treatments could reduce subsequent air cell contamination following in ovo injection.
Micro-aerosol fogging during the Aspergillus challenge did not significantly reduce the incidence of air cell membrane contamination with any of the fungicides tested (Figure 2) . Furthermore, phenol and propionic acid significantly increased the contamination level. Interestingly, distilled water also significantly increased the level of air cell membrane contamination, and herein may lie a reason for the observed failures of micro-aerosol fogging to control the fungal proliferation. The micro-aerosol droplets may serve as vehicles of dispersion for the conidia, but not allow adequate contact of the chemical, when used, to destroy the conidia. Additionally, the relative humidity within the hatching environment will be increased by the action of the fog, and thus may serve to promote fungal proliferation further. It can be postulated that micro-aerosol fogging with fungicides in the hatching environment does not address the air cell membrane environment within the egg itself adequately. Micro-aerosol fogging is used to apply disinfectants to inaccessible and large areas of the hatchery because of the ease of use and applicator safety (Mowry et al., 1980; Arbor Acres Review, 1992) . Micro-aerosol fogging is commonly used inside incubation equipment during the incubation and hatching period to increase the relative humidity. Our data suggest that, if an Aspergillus challenge is present, an appropriate fungicide should be included in the water destined for humidification of the hatcher if eggs have been injected. The data shown in Figure 2 suggest that distilled water alone, when incorporated into micro-aerosol fogging, significantly increased the incidence of air cell membrane contamination with Aspergillus following egg injection.
The success of air cell membrane application of a fungicide is product dependent. Sanitizers (phenol, quaternary ammonium plus tin, hydrogen peroxide) and mold inhibitors (based on propionic acid) significantly increased contamination of the air cell membrane (Figure 3 ). As these products require specific contact time and residual effects to inhibit fungal growth, it can be postulated that when these products are applied to the air cell membrane, their actions are negligible due to inadequate residual compound. Furthermore, the significant increases in contamination as a result of air cell application of these chemicals may be due to direct effects on the membrane itself. These direct effects on the membrane may include increased water loss and, therefore, increased RH (in the macro-environment of the air cell above the membrane) or physical damage, which enables easier access by the Aspergillus to the nutrients of the inner egg contents (yolk). The azole derivatives, enilconazole, and the aromatase inhibitor, significantly decreased the air cell contamination by Aspergillus. These compounds, when applied to the air cell membrane, produced a distinct residual that could be observed to remain throughout the challenge period, and the residuals did not affect the integrity of the membrane visually. Moreover, the limited positive growth observed in these groups was confined to areas where, visually, the chemicals did not seem to be present. Herein may lie the key to successful air cell application of fungicides: not only should the integrity of the membrane remain unchanged, the application should provide adequate coverage of the membrane, and the mode of action of fungicide should be a direct destruction of the fungal conidia and the mycelium.
